Introduction
HIF1A)-dependent manner. The transcription factor HIF1A plays a key role in allowing cells 105 to adapt to hypoxic conditions (39). Interestingly, hypoxia increased phagocytosis by 106 RAW264.7 macrophage-like cell line in a HIF1A-dependent manner (3). Intriguingly, even 107 under normoxic conditions exposure of MΦ, dendritic cells or granulocytes to bacteria or LPS 108
led to an accumulation of HIF1A protein comparable to hypoxic stimulation. Furthermore, 109 under normoxic conditions inflammatory HIF1A was required for (a) the proinflammatory 110 function of myeloid cells (16, 35, 59) , (b) the gene expression of NOS2 (21, 53) and (c) the 111 control of infections with group A streptococci (16, 60) . By boosting HIF1A-activity using a 112 pharmacologic approach the clinical course of an infection with S. aureus was improved (86) . 113
Together, these data favour the hypothesis that bacterial infections in presence of hypoxia 114 may boost HIF1A activity and thereby promote the antibacterial capacity of myeloid cells. 115
However, oxygen deprivation not only augments the accumulation and transcriptional activity 116 of HIF1A, but also inhibits the activity of the oxygen-dependent enzymes NOS2 and 117 phagocyte NADPH oxidase (PHOX) (2, 18, 41, 44, 66, 81) . Since both genes are of 118 paramount importance to control certain viral, bacterial, protozoan or fungal infections in vivo 119 (8, 9, 75) , hypoxia may inhibit the ability of myeloid cells to kill ingested microbes. In lung 120
and skin infection models with S. aureus it has been demonstrated that systemic hypoxia 121 inhibits the clearance of S. aureus (29, 38) . In line with this observation granulocytes showed 122 a reduced ability to kill bacteria (including S. aureus and E. coli) under hypoxic conditions 123 (49). However, to the best of our knowledge the ability of primary MΦ to kill bacteria under 124 hypoxic conditions has not yet been studied. Furthermore, there are no reports on comparative 125 analyzes of the possible mechanisms by which hypoxia might impair the bactericidal activity 126 of myeloid cells. 127
In the present study we tested whether reduced oxygen supply affects the ability of MΦ to kill 128 a Gram-negative (E. coli) or a Gram-positive bacterium (S. aureus). We found that under 129
Materials and Methods: 134
Mouse strains 135 C57BL/6 wildtype (WT) mice were purchased from Charles River Breeding Laboratories 136 (Sulzfeld, Germany) . Breeding pairs of Cybb -/-Nos2 -/-mice were kindly provided by Dr. W.-137 D. Hardt (ETH Zürich, Switzerland) . Cybb -/-NOS2 -/-were generated by crossing B6.
129S6-138
Cybbtm1Din/J40 and B6;129P2-Nos2tm1Lau/J41 (both from Jackson Laboratory) as described by 139 Where indicated, the cells were seeded in gas-permeable plates (Lumox® multiwell, Sarstedt, 154 Nürnbrecht, Germany) or low-attachment plates (Corning, Wiesbaden, Germany The concentrations of the bacterial suspensions were adjusted by reading the optical density at 166 600 nm. The actual multiplicity of infection (MOI) of each experiment was assessed by 167 plating dilutions of the infection inocula onto agar plates for the determination of the number 168 of colony-forming units (CFU). For synchronization of infection, centrifugation at 1400 rpm 169 for 5 min was performed. MΦ were infected at a MOI of 10 for 60 min at 37°C, 5 % CO 2 . 170
After infection, cells were washed twice with PBS to remove non-internalized bacteria. To 171 kill residual extracellular bacteria the cells were treated with RPMI 1640 medium 172 supplemented with 10 % fetal calf serum, 0.05 mmol/ l 2-mercaptoethanol (2-ME), 10 mM 173 HEPES containing gentamicin at a concentration of 100 µg/ ml for 1h, followed by the 174 treatment with 25 µg/ ml gentamicin for the rest of the experiment. Two hours after infection 175 the cells were cultured under normoxic conditions in a regular humified incubator (37°C, 5 % 176 CO 2 , 21 % O 2 ) or under hypoxic conditions (37°C, 5 % CO 2 , 0.5 % O 2 ) using an adjustable 177 hypoxic humified workbench suitable for cell culture experiments (invivo300, Ruskinn 178
Technology, West Yorkshire, UK). To examine the influence of reoxygenation, the cells were 179 first incubated for 8 h under hypoxic conditions and then kept under normoxic conditions for 180 the rest of the experiment. Where indicated, rotenone dissolved in chloroform Aldrich, Deisenhofen, Germany, Germany, cat. no. R8875; concentration of stock solution 182 100 mM) or antimycin A dissolved in 100 % ethanol (Sigma-Aldrich, cat. no. A8674; 183 concentration of stock solution 50 mg/ ml) were added at a final concentration of 100 µM 184 (rotenone) or 4 µg/ ml (antimycin A) 2h after infection. In these experiments cells incubated 185 with the respective concentration of chloroform or ethanol alone served as controls. 186
Cells were lysed 2 h and 24 h after infection using 0.1 % Triton X-100 in PBS to recover 187 intracellular bacteria. The number of intracellular bacteria was determined by serial 10-fold 188 dilutions in 0.05 % Tween 80 in PBS and subsequent plating on MH-agar plate to enumerate 189 CFU. The killing rate of myeloid cells is given as percentage of surviving bacteria and was 190 calculated as follows: (average CFU 24 h / average CFU 2 h) x 100. 191
192

Monitoring of the growth of E. coli and S. aureus in LB media 193
The proliferative behaviour of E. coli and S. aureus under both normoxic and hypoxic 194 conditions was investigated by monitoring the growth of a diluted bacterial suspension. An 195 overnight bacterial culture was diluted in LB or cell culture medium in the same way as it was 196 done for the infection of MΦ (see above). The bacteria were incubated under normoxic or 197 hypoxic conditions. To investigate the effect of rotenone and antimycin A, it was added to the 198 growth medium at a final concentration of 100 µM (rotenone) and 4 µg/ ml (antimycin A). At 199 different time points the CFU/ ml of each sample was determined by plating serial dilutions of 200 an aliquot of the bacterial suspension on MH-agar plates. 201
202
Fluorescence dilution assays to detect proliferation of intracellular bacteria 203
To monitor the proliferative activity of intracellular E. coli, MΦ were infected with an E. coli 204 HB101 strain harboring a dual fluorescence reporter plasmid (pDIGc) (31). This strain shows 205 a constitutive expression of GFP, whereas the expression of the DsRed Protein is arabinose-206 inducible. Therefore, the growth of the bacteria can be monitored by measuring the 207 fluorescence intensity of DsRed after transferring an arabinose-induced bacterial suspension 208 to arabinose-free conditions. The GFP expression was used to identify the bacteria during 209 flow cytometric analysis. E. coli HB101 pDiGc strain was grown overnight in LB broth 210 containing 0.2 % arabinose. Prior to infection the bacteria were washed twice with PBS and 211 all further steps were performed under arabinose-free conditions. At different time points after 212 infection the cells were lysed with 0.1 % PBS-Triton-X-100 and the DsRed fluorescence 213 intensity of GFP-positive bacteria sized particles was measured via flow cytometry (DsRed: 214 FL-2; GFP: FL-1; 10,000 events in FL-1 gate). As a control the same amount of bacteria as 215 used for infecting MΦ were incubated in cell culture medium for 6 h under normoxic and 216 hypoxic conditions. As expected an increase in bacterial counts was accompanied by a 217 dilution of DsRed fluorescence in the GFP-positive fraction under both conditions. 218
To analyze the replication dynamics of intracellular S. aureus the bacteria were stained prior 219 to infection with 5-(and-6)-carboxyfluorescein diacetate, succinimidyl ester (5(6)-CFDA, SE; 220 CFSE) mixed isomers (Invitrogen; Carlsbad, CA, USA, cat. no. C1157). To this end, 500 µl 221 of an overnight grown S. aureus culture was washed twice with PBS and incubated with PBS 222 containing 5 µM CFSE for 15 min at 37°C in the dark. Afterwards the bacteria were washed 223 twice with ice-cold PBS containing 5 % FCS and were resuspended in cold PBS. The cells 224 were infected as described above (section "Bacterial infection of MΦ") using the CFSE-225 stained S. aureus. At the indicated time points the infected MΦ were lysed with PBS 0.1 % 226
Triton-X-100. To distinguish between cell debris and bacteria, the lysates were stained with a 227 S. aureus specific antibody (1:100 rabbit anti-S. aureus; Acris Antibodies, Herford, Germany; 228 cat. no. AP00865PU-N) in PBS containing 1 % BSA and 10 % FCS for 1 h at 4°C. After 229 incubating the lysates with a goat-anti-rabbit IgG (H+L) Alexa Fluor 647-coupled secondary 230 antibody (Invitrogen; cat. no. A21245), diluted 1:500 in PBS containing 1% BSA and 10 % 231 FCS for 1 h at 4°C in the dark, the CFSE fluorescence intensity of Alexa Fluor 647-positive 232 bacterial particles was analyzed by flow cytometry (CFSE: FL-1; Alexa Fluor 647: FL-4; 233 10.000 events in FL-4 gate). As a control the same amount of bacteria as used for infecting 234 MΦ were incubated in cell culture medium for 6 h under normoxic and hypoxic conditions. 235
As expected an increase in bacterial counts was accompanied by a dilution of CFSE 236 fluorescence in the Alexa Fluor 647-positive fraction under both conditions. 237 238 siRNA duplexes 239
The non-silencing (ns) siRNA duplexes were purchased from Qiagen (Hilden, Germany; cat. 
248
RNA interference studies 249
RNA interference was performed as described (35, 36, 85) . MΦ were harvested, washed four 250 times with Opti-MEM (Invitrogen), and resuspended at a concentration of 4 x 10 7 cells/ ml. 251 20 µl of a 20 µM solution of the respective siRNA duplexes were transferred to a 4-mm 252 cuvette (Peqlab, Erlangen, Germany), and the final volume was adjusted to 50 µl with Opti-253 MEM. A total of 50 µl of the cell suspension (containing 2 x 10 6 cells) was added and pulsed 254 in a Gene Pulser Xcell apparatus (Bio-Rad). Pulse conditions were 400 V, 150 µF, and 100 Ω. RNase-free water and incubated at 60°C for 10 min. 1-2 µg total RNA was reverse 269 transcribed using the high-capacity cDNA archive kit (Applied Biosystems, Darmstadt, 270
Germany). 271 272
Real time PCR 273
After RNA extraction and cDNA synthesis real-time PCR was performed using an ABI Prism 274 7900 sequence detector (Applied Biosystems) using Taqman Universal Mastermix and 275
Assays-on-Demand (Applied Biosystems), which include forward and reverse primers and the 276 FAM-labeled probe for the target gene, respectively. The following assays were used: murine 277 Germany). Lysates were diluted with SDS-PAGE sample buffer. 60 μg of protein was 327 separated by sodium dodecyl sulfate (SDS)-polyacrylamide gelelectrophoresis and transferred 328 onto polyvinylidene difluoride membrane (Millipore, Schwalbach, Germany). NOS2 (iNOS) 329 was detected using an NOS2-specific antibody (United States Biologicals, cat. no. N5350-330 10B.100); ACTIN was detected by using an ACTIN-specific antibody from Sigma-Aldrich 331 (cat. no. A 2066); HIF1A (HIF-1α) was detected by using an HIF1A-specific antibody 332 (Cayman Chemical, Ann Arbor, MI, USA, cat. no. 10006421); HIF2A (HIF-2α) was detected 333 by using an HIF2A-specific antibody (Novus Biologicals, distributed by Acris Antibodies, 334
Germany, cat. no. NB 100-122). Bound antibodies were visualized by ECL technology. 
Downloaded from
To analyze the viability of the cells under the certain conditions the release of the cytosolic 338 lactat dehydrogenase (LDH) was measured. Therefore the supernatants of the cells were 339 collected 24 h after infection and the extracellular LDH content was determined using the cell 340 death detection kit (Roche) following the manufacturer´s instructions. To take into account 341 that an intracellular induction of the LDH expression might lead to an increase in the release 342 of this enzyme, the intracellular LDH activity was also investigated after lysing the cells by 343 using 0.1 % Triton X-100. (47, 61). We assumed that directly after a bacterial infection in vivo physiological oxygen 363 tensions will prevail, whereas during the progression of the infection the oxygen tension will 364 progressively drop to low levels. In order to mimic this situation in vitro, we subjected 365 infected MΦ to hypoxic conditions from two hours after infection with E. coli HB101 or S. 366 aureus onwards until the time-point of read-out (24 hours after infection) (Fig. 1A) . Under 367 hypoxic conditions we recovered more bacteria from MΦ than under normoxic conditions 368 ( Fig. 1 B, Table S1 ). However, the amount of intracellular bacteria retrieved from cells that 369 had been exposed to hypoxia for 8 hours and then subjected to normoxic conditions for 16 h 370 (reoxygenation) was indistinguishable from infected cells that had only been cultivated under 371 normoxic conditions (Fig. 1B, Table S1 ). This indicates that the effect of hypoxia on the 372 survival of intracellular bacteria is fully reversible. 373
374
Hypoxia does not promote the bacterial growth within MΦ 375
Next, we wanted to clarify whether the increased survival of S. aureus and E. coli was due to 376 an increased bacterial proliferation within the host cells under hypoxic conditions or caused 377 by the impairment of an antibacterial mechanism. Therefore, we analyzed the bacterial growth 378 of E. coli and S. aureus grown under normoxic and hypoxic conditions in LB broth. Hypoxia 379 did not increase the growth of E. coli or S. aureus compared to normoxic conditions (Fig. S1) . arabinose-free conditions for 6 hours (Fig. 2 A) . After loading of S. aureus with CFSE, the 387 replication of S. aureus can be assayed by dilution of CFSE-fluoresence for 6 hours ( Fig. 2  388 C). When MΦ were infected with pDiGc harbouring E. coli or CFSE-labeled S. aureus, we 389 could not detect a dilution of DsRed-or CFSE-fluoresence irrespective whether the infected 390 cells were cultured under normoxic or hypoxic conditions ( Fig. 2 B and D Ιnfection with either pathogen under normoxic conditions resulted in the accumulation of 402 HIF1A and HIF2A (Fig. 3A) . Hypoxic incubation of infected cells did not further induce 403 HIF2A accumulation. Therefore, we conclude that it is very unlikely that HIF2A accounts for 404 the impaired antibacterial capacity under hypoxic conditions. 405
Under normoxic conditions infection of MΦ with E. coli resulted in a higher HIF1A protein 406 content compared to an infection of MΦ with S. aureus. This resulted in an increased 407 expression of the HIF1A target gene Pgk1 (Fig. 3A & B) (Fig. 3A) . Accordingly, hypoxia increased the expression of the HIF1A target gene Pgk1 410 mRNA in S. aureus infected MΦ but not in E. coli-infected host cells (Fig. 3B) . 411
Since the impaired antibacterial capacity of the host cells under hypoxic conditions correlated 412
with an increased accumulation of HIF1A in S. aureus-infected cells, we investigated whether 413 HIF1A accounts for this hypoxia-induced phenotype using an RNA interference approach. 414
Silencing of Hif1a in S. aureus-infected MΦ failed to restore the antibacterial activity under 415 hypoxic conditions (Fig. 3C) . As described earlier (35-37), knock-down efficiency was 416 evaluated by analyzing HIF1A protein, Hif1a mRNA and HIF1A-dependent metabolic target 417 gene Pgk1 (Fig. S2 ). There was also no effect of Hif1a-silencing on the killing of S. aureus by 418 normoxic host cells (Fig. 3C ). From these data we conclude that the impaired antibacterial 419 capacity of MΦ under hypoxic conditions is independent of the increased HIF1A 420
accumulation. 421 422
Hypoxia abrogates the production of ROI and RNI by MΦ in response to infection 423
Since NOS2 and PHOX are oxygen-dependent enzymes (2, 18, 41, 44, 51, 66, 81), we 424 analyzed the production of ROI and RNI in infected MΦ. As expected, infection of MΦ with 425 E. coli under normoxic conditions induced a robust generation of NO, which was severely 426 impaired in a hypoxic environment. However, if the cells were reoxygenated for 16 h after an 427 initial 8 h period of hypoxia, NO levels reached normoxic levels again (Fig. 4 A) . Next, we 428 tested whether the impaired NO production under hypoxia results from a reduced NOS2 429 activity or from a diminished NOS2 protein induction under hypoxic conditions. Infection 430 with E. coli led to a comparable NOS2 protein expression under both normoxic and hypoxic 431 conditions strongly suggesting that hypoxia incapacitates the enzyme activity of NOS2. In 432 on October 18, 2017 by guest http://iai.asm.org/ contrast to infection with E. coli, infection of MΦ with S. aureus hardly caused an induction 433 of NOS2 protein and NO production ( Fig. 4A and B) . 434
Next, we quantified the production of ROI by MΦ using the CM-H 2 DCFDA fluorochrome 435 which is a non-selective detector of various reactive oxygen species. In order to assess the 436 ROI production under hypoxic conditions and to avoid any assay related reoxygenations, we 437 were particularly careful in ensuring that the entire staining procedure of the hypoxia-treated 438 samples was performed in the hypoxia chamber and that all buffers and reagents were 439 equilibrated to hypoxic conditions. After loading of the dye and incubation under the 440 respective oxygen tension the samples were fixed with equilibrated PFA and subjected to 441 flow cytometry. Fixation with PFA neither generated fluorescence signals nor inhibited the 442 fluorescence of CM-H 2 DCFDA (data not shown). Under hypoxic conditions we could not 443 detect any production of ROI after infection with E. coli and S. aureus, whereas ROI were 444 readily detectable under normoxic conditions (Fig. 4 C) . Together, our data show that hypoxia 445 prevents the production of RNI and ROI in response to a bacterial infection of MΦ as 446 expected from the oxygen-dependency of NOS2 and PHOX. 447
448
A PHOX-and NOS2-independent, oxygen-dependent antimicrobial mechanism contributes to 449 the control of E. coli and S. aureus in MΦ 450
In order to investigate, whether the reduced antibacterial capacity of MΦ during hypoxia 451 simply results from an absent NOS2 and PHOX activity, we infected MΦ deficient for both 452 NOS2 and PHOX (Cybb -/-Nos2 -/-) and tested the impact of hypoxia vs. normoxia on the 453 survival of E. coli or S. aureus in these cells. First, we confirmed that a deficiency in NOS2 454
and PHOX resulted in a decreased production of RNI and ROI (Fig. S3) . Second, Cybb
Nos2
-/-and WT MΦ did not differ in apoptosis or necrosis rates after infection with E. coli or 456 S. aureus under normoxic conditions (Fig. S4) (Fig. 5A ). More importantly, however, the survival of S. aureus in 465
hypoxic Cybb -/-Nos2 -/-MΦ was significantly higher than in normoxic Cybb -/-Nos2 -/-cells and 466 also clearly increased compared to hypoxic WT cells (Fig. 5A ). These data indicate that apart 467 from PHOX and NOS2 an additional oxygen-dependent antimicrobial effector mechanism 468 accounts for the killing of S. aureus by MΦ, which becomes particularly evident in the 469 absence of PHOX and NOS2. 470 Unlike to the S. aureus infection model, Cybb
-/-MΦ showed a reduced rather than an 471 increased survival of E. coli under normoxic conditions as compared to WT cells at the time-472 point of analysis (24 h after infection) (Fig. 5B) . Although we observed a limited NOS2/ 473 PHOX-dependent killing of E. coli at early time-points of infection (up to 2 h; data not 474 shown), NOS2 and PHOX were clearly dispensable for the ultimate control of E. coli by ΜΦ 475 in vitro. During hypoxia the bacterial burden not only increased in E. coli-infected WT MΦ, 476 but also in Cybb -/-Nos2 -/-MΦ (Fig. 5B ). From these data we conclude that the control of E. 477 coli by MΦ is due to a PHOX-and NOS2-independent, but oxygen-dependent effector 478 The ratio of this red/ green fluorescence is independent of mitochondrial shape, density, or 493 size, but depends only on the membrane potential (15). Since this dye is not suitable for 494 fixation we sealed the plates harboring the infected cells with an adhesive clear seal suitable 495 for qRT-PCR applications in order to preserve the respective normoxic and hypoxic 496 condition. We observed that in infected MΦ ΔΨ M decreased in rotenone-and hypoxia-treated 497 cells (Fig. 6A) . However, the hypoxic impairment of ΔΨ M was not due to toxic effects 498 because within 5 min of reoxygenation (i.e. removal of the adhesive seal) we observed a 499 substantial increase of ΔΨ M in S. aureus-(data not shown) and E. coli-infected MΦ (Fig. S6) . 500
Thus, we conclude that hypoxia works in analogy to rotenone and interferes with 501 mitochondrial activity. 502
503
Inhibition of the mitochondrial respiratory chain completely or partially mimics the effect of 504 hypoxia on the killing of E. coli and S. aureus respectively 505
Next, we analyzed the fate of E. coli in MΦ following inhibition of mitochondrial respiration. 506
For that purpose we used rotenone that binds to the ubiquinone binding site of complex I and 507 thereby interferes with electron transport. We used different concentrations of rotenone (10 508 on October 18, 2017 by guest http://iai.asm.org/ Downloaded from µM, 100 µM and 1 mM) and correlated this treatment with bactericidal activity of E. coli-509 infected MΦ. 10µM rotenone barely inhibited the bactericidal activity. However, 100 µM 510 rotenone robustly impaired the antibacterial capacity (Fig. S7) . 1 mM rotenone appeared to be 511 toxic to the host cells. For further experiments we therefore used 100 µM which proved to 512 sufficiently inhibit mitochondrial activity (Fig. 6A) . For the control of host cell viability we 513 analyzed the relative LDH release rate and NO production under normoxic and hypoxic 514 conditions in the absence or presence of rotenone. At the concentrations used we could not 515 detect any toxicity of rotenone in LDH release assays (Fig. S5) . Moreover, inhibition of 516 mitochondrial respiration did not affect NO-production upon infection (Fig. S8) . In order to 517 exclude that rotenone inhibits bacterial cell division and viability in vitro, we analyzed the 518 growth of E. coli in the absence and presence of rotenone. We found that E. coli grew equally 519 well in the presence and absence of rotenone (Fig. S9) as described previously (27). When 520 rotenone was added to E. coli-infected MΦ under normoxic conditions, we found that the 521 bacterial survival rate exactly reached the level observed in hypoxic MΦ without rotenone. 522
Importantly, addition of rotenone to hypoxic cultures did not further inhibit the antimicrobial 523 activity of MΦ (Fig. 6B) . However, treatment of S. aureus-infected WT MΦ with rotenone 524 under normoxic conditions did not lead to the same increase of S. aureus as seen in hypoxic 525 MΦ cultures in the absence of rotenone (Fig. 6C) . 526 Furthermore, we used antimycin A to inhibit the coenzyme-Q-cytochrome-c-oxidoreductase 527 which is located in complex III of the respiratory chain. Antimycin A did not interfere with 528 bacterial cell division and viability in vitro (Fig. S11) . After treatment of E. coli-infected 529 macrophages with antimycin A bacterial survival reached exactly the level of hypoxia-treated 530 macrophages (Fig. 6D) . However, treatment of S. aureus-infected WT MΦ with antimycin A 531 did not lead to the same increase of S. aureus as seen in hypoxic MΦ cultures in the absence 532 of antimycin A (Fig. 6E) . Therefore, we conclude that inhibition of mitochondrial activity 533 coli-or S. aureus-infected WT MΦ. 535
536
Inhibition of the mitochondrial respiratory chain and not mitochondrial ROI account for 537 rotenone effects on bactericidal activity 538 Next, we wanted to clarify whether mitochondrial respiration or mitochondrial ROI accounts 539 for our observation. In line with findings from West el al. (84), we observed an increased 540 production of ROI after treatment of MΦ with rotenone under normoxic conditions (Fig. 6F) . 541
However, we did not observe a significant ROI production of MΦ infected with E. coli or S. 542 aureus under hypoxic conditions (Fig. S3, Fig. 4C ). Thus, treatment of macrophages with 543 rotenone and hypoxic treatment led to a change in ROI-levels in opposite directions. Since 544 hypoxia and rotenone induced similar effects on the mitochondrial and bactericidal killing, we 545 conclude that mitochondrial respiration and not mitochondrial ROI accounts for our findings. 546
547
Inhibition of the mitochondrial respiratory chain is the PHOX-and NOS2-independent 548 component of the impaired killing of S. aureus by MΦ during hypoxia 549
Having seen that a lack of PHOX-and NOS2-activity only partially explains the reduced 550 antibacterial activity of MΦ against S. aureus during hypoxia (Fig. 5) , we performed the 551 reverse experimental approach and tested the effect of inhibition of mitochondrial respiratory 552 chain activity on the survival of S. aureus. Treatment of S. aureus-infected WT MΦ with 553 rotenone under normoxic conditions did not lead to the same increase of S. aureus as seen in 554 hypoxic MΦ cultures in the absence of rotenone. Furthermore, exposure of S. aureus-infected 555 WT MΦ to rotenone during hypoxia caused an additional significant increase of the bacterial 556 load compared to the normoxic or the rotenone-free hypoxic controls (Fig. 7) . In Cybb of S. aureus lung and skin infections following systemic hypoxia in vivo (29, 30, 38) . 572
Interestingly, hypoxia -a milieu often encountered in estuarine marine habitats -also inhibits 573 the elimination of Vibrio campbelli in an economically important shellfish species 574
Crassostera virginica (48). This indicates that oxygen availability is of general importance for 575 the control of bacterial pathogens by host organisms. 576 577
Hypoxia and antibacterial activity 578
It is important to emphasize that hypoxia does not uniformly impair the control of all bacteria 579 by host cells. Infection of Hep-2 cells with C. pneumoniae under hypoxic conditions 580 supported the recovery of infectious elementary bodies from these cells (68). Unlike 581 infections with E. coli and S. aureus, hypoxia did not impede the killing of S. epidermidis, 582 viridans streptococci or enterococci in neutrophils or MΦ (49, 60), which clearly points to a 583 critical role of oxygen-independent antimicrobial mechanisms such as the cationic 584 bactericidal/ permeability-increasing protein (BPI) of neutrophils (24, 82) . Our data also show 585 that a large portion of the entire inoculum of E. coli and S. aureus was killed even under 586 hypoxic conditions, which underscores the existence of oxygen-independent mechanisms also 587 in MΦ. However, the available data and our work do not support Paul Ehrlich´s general 588 assumption that hypoxia per se promotes the antibacterial capacity of host cells (22) . 589
Therefore we conclude, that tissue oxygenation is an important environmental factor which 590 enables the innate immune system to sweep off invading bacteria. 591 592
Hypoxia and the role of HIF-α for bacterial killing 593
The results of the present study demonstrate that the impaired antimicrobial capacity is not 594 causally related to the enhanced HIF1A activity observed under hypoxic conditions. This 595 finding contrasts with two previous reports on the role of HIF1A in bacterial infections (16, 596 60) . However, several experimental differences may account for the divergent results. First, in 597 these earlier studies HIF1A-deficient MΦ were used; details on the genetic background of 598 these mice were not given. Second, the killing assays were performed with group A or B 599 streptococci and Pseudomonas aeruginosa rather than E. coli and S. aureus and were 600 restricted to 2 hour infection time-points. Third, a 4-fold lower MOI (2.5) for streptococci and 601 2.5-fold higher MOI (25) Prior to the present study it was fair to assume that Cybb -/-Nos2 -/-myeloid cells will replicate 616 the phenotype of reduced bacterial killing under hypoxic conditions based on the oxygen-617 dependency of PHOX and NOS2. Indeed, oxygen deprivation was demonstrated to inhibit the 618 activity of both NOS2 and PHOX (2, 18, 41, 44, 51, 66, 81 
Nos2
-/-MΦ within the first 2 hours 625 after infection, which was no longer detectable at later time-points (data not shown). 626
Considering that the PHOX-dependent respiratory burst reaches its maximum within 30 min 627 of stimulation (19, 80) and that E. coli exhibits various mechanisms of resistance to ROI and 628 RNI (10, 50, 51, 64 ), it appears obvious that the ultimate control of E. coli by MΦ is PHOX-629 and NOS2-independent. Also, as the exposure to hypoxia was only started at 2 hours after 630 infection in our experimental setting (see Fig. 1 ), it follows that the increased survival of E. 631 coli in MΦ during hypoxia results from the defect of an oxygen-dependent, but PHOX-and 632 NOS2-independent antimicrobial effector mechanism. 633 S. aureus effectively triggers PHOX-activity (73) and depending on the context is a potent 634 inducer of NOS2 (17). In vivo, mice deficient for either PHOX or NOS2 have an increased 635 susceptibility to S. aureus infections (52, 69, 70 
Antibacterial effector function of mitochondria 645
In the present study the mitochondrial respiratory chain contributed to the antimicrobial 646 activity of MΦ to a different extent depending on the microbial species (E. coli vs. S. aureus). th century several studies documented that myeloid cells are highly 664 dependent on aerobic glycolysis for energy generation and function (6, 16, 28, 46, 72) , 665
whereas an inhibition of mitochondrial activity failed to influence their energy generation (11, 666 57) . Accordingly, neither IFN-γ nor LPS stimulation promoted fatty acid β-oxidation (43, 78) 667 but instead increased mitochondrial ROI production in MΦ (25, 78) . This strongly suggests 668 that mitochondrial function may be beyond energy generation. We propose that in the 669 presence of ample oxygen myeloid cells can utilize mitochondria for antimicrobial defense 670 because they are capable to shift the energy generation from mitochondria to aerobic 671 glycolysis resembling a metabolic process induced in transformed cells ("Warburg effect"). 672
There are at least two clinical situations in which an impaired mitochondrial activity in MΦ 673 may account for the occurrence of severe infections. First, the Barth syndrome, a rare X-674 linked recessive disorder, is associated with mitochondrial dysfunction. Cardiac failure and 675 septicemia are the leading causes of death of children suffering from this disease (7). Until 676 now neutropenia has been considered as the main factor predisposing these patients to 677 septicemia. However, mitochondrial dysfunction of MΦ and hence a reduced bactericidal 678 activity may very well contribute to the fatal infections. Second, mitochondrial damage has 679 been associated with poor outcome in sepsis patients (26). Mitochondrial dysfunction may be 680 a consequence of hypoxia and hypoxic signaling, which is commonly encountered in the 681 tissues of septic patients, or induced by pathogens, their products and/ or inflammatory 682 mediators. It is tempting to speculate that the predisposition of septic patients to opportunistic 683 infections in intensive care units may be associated with the dysfunction of mitochondria in 684 mononuclear phagocytes, which normally keep commensal bacteria at bay. 
